Bile reflux is a risk factor in the development of intestinal metaplasia in the stomach and is believed to function as an initiator of gastric carcinogenesis. However, whether the G protein-coupled bile acid receptor TGR5 is expressed in this tumor is not known. In this study, we determined the expression of TGR5 in gastric adenocarcinoma and examined the role of TGR5 in cell proliferation. Strong TGR5 staining was present in 12% of cases of intestinal metaplasia but in no cases of normal gastric epithelium (P Ͻ 0.01). Moderate to strong TGR5 membranous and cytoplasmic staining was present in 52% of the intestinal but in only 25% of the diffuse subtype of adenocarcinomas (P Ͻ 0.001). KaplanMeier univariate survival analysis revealed that moderate to strong TGR5 staining was associated with decreased patient survival (P Ͻ 0.05). Treatment with taurodeoxycholic acid (TDCA, a bile acid) significantly increased thymidine incorporation in the AGS gastric adenocarcinoma cell line, suggesting that bile acids may increase cell proliferation. This increase was significantly decreased by knockdown of TGR5 with TGR5 small-interfering RNA (siRNA). In addition, overexpression of TGR5 significantly enhanced TDCA-induced increases in thymidine incorporation. TGR5 is coupled with Gq␣ and G␣i-3 proteins. TDCA-induced increase in thymidine incorporation was significantly decreased by knockdown of Gq␣ and G␣i-3 with their siRNAs. We conclude that TGR5 is overexpressed in most gastric intestinal-type adenocarcinomas, and moderate to strong TGR5 staining is associated with decreased patient survival in all gastric adenocarcinomas. Bile acids increase cell proliferation via activation of TGR5 receptors and Gq␣ and G␣i-3 proteins.
GASTRIC CANCER IS ONE OF THE most common cancers in the world, causing 650,000 deaths annually (14) and accounting for about 10% of new cancers (8, 16) . Gastric cancer has two histological types, diffuse and intestinal (18) . Intestinal metaplasia is a premalignant condition in the stomach related to chronic inflammation and atrophic gastritis (22) . Gastric carcinogenesis is a complex process and not fully understood. Helicobacter pylori infection is known to be the strongest risk factor for the development of this neoplasm (20) . However, H. pylori eradication does not completely prevent gastric cancer, and it might be useful only in patients without atrophic gastritis or intestinal metaplasia at baseline (4) . Duodenal reflux through the pylorus has been reported to induce gastric adenocarcinoma in rats, suggesting that duodenal juice, including bile acids, may be a risk factor for development of gastric adenocarcinoma (15) .
Recently, a cell membrane bile acid receptor, TGR5 (a G protein-coupled receptor), has been shown to be important in bile acid-regulated lipid metabolism, energy homeostasis, and glucose metabolism (7, 11, 19) . Whether the TGR5 receptor is expressed in the stomach and whether it mediates bile acidinduced increases in cell proliferation are not known. In this study, we show that the TGR5 receptor is present in metaplastic and neoplastic gastric epithelial cells, is coupled with G q and G i-3 proteins, and mediates bile acid taurodeoxycholic acid (TDCA)-induced increases in cell proliferation. In addition, moderate to strong TGR5 expression by gastric adenocarcinoma cells is associated with decreased patient survival.
MATERIALS AND METHODS
Patients and specimens. Archival cases of distal gastric cancer from 171 patients (86 intestinal and 85 diffuse subtypes) were collected between the years of 1992 and 2004 from the archives of the Department of Pathology at the Rhode Island Hospital (RIH). Proximal (cardia) cancers were excluded. Stage was defined according to American Joint Committee on Cancer criteria (1) . Recurrence and survival data were ascertained through the Rhode Island Tumor Registry and RIH chart review. This study was approved by the Institutional Review Board at the RIH. All tissue samples were formalin-fixed and paraffin-embedded. The corresponding hematoxylin-eosin slides were reviewed for confirmation of diagnosis and adequacy of material by Dr. M. Resnick. The detailed clinicopathological features of the study population are given in Table 1 . Tissue microarray construction. Paraffin blocks containing areas consisting of invasive carcinoma were identified on corresponding hematoxylin-and eosin-stained sections. Areas of interest that represented the "invasive front" of the tumor, rich in nonnecrotic tumoral glands, were identified and marked on the source block. The source block was cored, and a 1-mm core was transferred to the recipient "master block" using the Beecher Tissue Microarrayer (Beecher Instruments, Silver Spring, MD). Three to six cores of tumor were arrayed per specimen. In addition, a core of normal adjacent gastric mucosa and areas of intestinal metaplasia were also sampled when present.
Immunohistochemistry. Immunohistochemistry for TGR5 was performed on 4-m paraffin sections of each gastric cancer tissue microarray section described above. Slides were stained with TGR5 antibody (1: 1,000; Sigma-Aldrich, St. Louis, MO) using the DAKO Envision ϩ Dual Link System and the DAKO Liquid 3,3=-Diaminobenzidine Substrate Chromagen System (DAKO North America, Carpinteria, CA). Bile ducts from liver tissue were used as positive controls. Negative controls included replacement of the primary antibody with nonreacting antibodies of the same species. The specificity of TGR5 antibody was shown in Fig. 1 by Western blot analysis.
Immunohistochemistry assessment. Cancers (and nonneoplastic mucosa) that displayed a strong, well-localized, staining pattern for TGR5 were scored as ϩ3, moderately intense staining as ϩ2, and weak staining as ϩ1. The extent of staining (percentage of cells staining) was scored as follows: 1ϩ 1-10%, 2ϩ 11-50%, 3ϩ 51-100%. At least three cores were scored per case. The analysis of three cores per case has been shown to be comparable with the analysis of the whole section in a recent study (10) . A combined score of intensity and extent was calculated and categorized as follows: weak staining 1-2, moderate staining 3-4, strong staining 5-6. All sections were scored independently by Cao and Tian without knowledge of the clinicopathological features or clinical outcome.
Cell culture and TDCA treatment. The human gastric adenocarcinoma cell line AGS (American Type Culture Collection, Manassas, VA) was cultured in DMEM containing 10% fetal bovine serum and antibiotics at 37°C with 5% CO 2 in a humidified atmosphere.
For TDCA treatment, AGS cells were incubated with 10 Ϫ11 M TDCA for 24 h. Next, the culture medium and cells were collected for measurements.
Small-interfering RNA and TGR5 plasmid transfection. Twenty-four hours before transfection at 70-80% confluence, cells were trypsinized (1-3 ϫ 10 5 cells/ml) and transferred to 12-well plates. Transfection of small-interfering RNA (siRNAs) was carried out with Lipofectamine 2000 (Invitrogen, La Jolla, CA) according to the manufacturer's instruction. Per well, 75 pmol of siRNA duplex of TGR5, Gq␣, G␣i-3, or control siRNA formulated into liposomes were applied; the final volume was 1.2 ml/well. Forty eight hours after transfection, cells were treated without or with TDCA (10 Ϫ11 M) in culture medium (pH 7.2, without phenol red) for 24 h, and then the culture medium and cells were collected for measurements. Transfection efficiencies were determined by fluorescence microscopy after transfection of Block-it fluorescent oligonucleotide (Invitrogen) and approached 70% at 48 h.
For transfection of pCDNA3.1-TGR5 plasmid, which was constructed by our lab and described previously (6), AGS cells (70% confluence, ϳ5 ϫ 10 6 cells) were transfected with 2 g of pCDNA3.1-TGR5 or control plasmids using the Amaxa-Nucleofector-System (Lonza, Walkersville, MD) according to the manufacturer's instructions. Twenty-four hours after transfection, cells were treated with TDCA (10 Ϫ11 M) for an additional 24 h, and then the culture medium and cells were collected for measurements. Transfection efficiencies were determined by fluorescence microscopy after transfection of pmax-GFP (Lonza) and approached 90% at 48 h.
Coupling to immunoprecipitation matrix and immunoprecipitation experiments. The TGR5 antibody (5 g) was coupled to 40 -50 l of suspended IP matrix (Santa Cruz Biotechnology, Santa Cruz, CA) in 500 l phosphate-buffered saline as recommended by the manufacturer and incubated at 4°C on a rotator overnight. Forty eight hours after pCDNA3.1-TGR5 transfection, cells were lysed in Triton X lysis buffer containing 50 mM Tris·HCl (pH 7.5), 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 1% (vol/vol) Triton X-100, 40 mM ␤-glycerol phosphate, 40 mM p-nitrophenylphosphate, 200 M sodium orthovanadate, 100 M phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin A, and 1 g/ml aprotinin. The supernatants were mixed with TGR5 antibody-IP matrix complex and incubated at 4°C on a rotator for 5 h. The immunoadsorbents were recovered by centrifugation for 5 min at 700 g, washed three times with cell lysis buffer, mixed with SDS loading buffer (Sigma), and heated at 100°C for 5 min.
Western blot analysis. Cells were lysed in Triton X lysis buffer. The suspension was centrifuged at 15,000 g for 5 min, and the protein concentration in the supernatant was determined. Western blotting was performed as described previously (3) . Primary antibodies used were as follows: TGR5 antibody (1:1,000) and GAPDH antibody (1:2,000).
[ 3 H]thymidine incorporation. Twenty-four hours after transfection with control siRNA, Gq siRNA, Gi-3 siRNA, or TGR5 siRNA, cells were treated without or with TDCA for 24 h and then incubated with [methyl-3 H]thymidine (0.05 Ci/ml) for 4 h. After being washed three times with phosphate-buffered saline, cells were collected and homogenized with a lysis buffer containing (pH 7.4): 50 mM HEPES, 50 mM NaCl, 1% Triton X-100, 1% Nonidet P-40, 0.1 mM phenylmeth- n, No. of patients. Percentages are in parentheses. *P Ͻ 0.02 and **P Ͻ 0.0001 compared with normal mucosa; moderate to strong TGR5 staining was present in 52% of the intestinal but in only 25% of the diffuse subtype of adenocarcinomas (P Ͻ 0.001). Materials. [methyl-3 H]thymidine was purchased from Perkin Elmer (Waltham, MA); TGR5 siRNA, TGR5 antibody, and GAPDH antibody were bought from Santa Cruz Biotechnology; G q␣ antibody, Gs␣ antibody, G␣i-3 antibody, and G␣i-1 and G␣i-2 antibody were purchased from EMD Chemicals (Gibbstown, NJ). TDCA, Triton X-100, phenylmethylsulfonyl fluoride, and other reagents were purchased from Sigma.
Statistical analysis. Data are expressed as means Ϯ SE. Statistical differences between two groups were determined by Student's t-test.
Differences between multiple groups were tested using ANOVA and checked for significance using Fisher's protected least-significant difference test. For the survival analysis, the intensity scores were grouped as low (which included scores 0 and ϩ1) and high (which included scores ϩ2 and ϩ3). The influence of prognostic factors on tumor-related survival was assessed by Kaplan-Meier estimates, and subgroups were compared by the Breslow test for univariate analysis. The multivariate Cox proportional hazard model was applied using a stepwise forward method to detect independent predictors of survival. Two-tailed P values of 0.05 or less were considered to be statistically significant.
RESULTS

Expression of TGR5 in normal gastric mucosa and in intestinal metaplasia.
To examine the specificity of the TGR5 antibody, we did Western blot analysis in AGS cells. We found that only one band was detectable by using TGR5 antibody (Fig. 1) , suggesting that TGR5 antibody is relatively specific. Expression of TGR5 was examined in both normal gastric mucosa and in areas of intestinal metaplasia by immunohistochemistry. As can be seen in Table 2 of weak and moderate staining was quite similar in both groups, strong TGR5 staining was only detected in the intestinal metaplasia group (P Ͻ 0.01). The staining pattern was membranous and cytoplasmic (Fig. 2, A and B) . The data suggest that TGR5 may be overexpressed in some patients with intestinal metaplasia. Expression of TGR5 in gastric adenocarcinoma. Next we evaluated TGR5 expression in the diffuse and intestinal subtypes of gastric adenocarcinoma. Strong TGR5 staining was present in 18.6% of the intestinal-type adenocarcinomas but in none of the normal mucosa (P Ͻ 0.0001, Table 2 ). Moderate to strong TGR5 staining was present in 52% of the intestinal-type adenocarcinomas but in only 25% of the diffuse subtype of adenocarcinomas (P Ͻ 0.001, Fig. 2 , C and D, and Table 2 ). In addition, Kaplan-Meier univariate survival analysis revealed that moderate to strong TGR5 staining was associated with decreased patient survival in all gastric adenocarcinomas (P Ͻ 0.05, Fig. 3 ). There was no statistically significant difference in tumor stage, chemotherapy, and radiation therapy between negative to weak and moderate to strong TGR5 staining tumors (data not shown).
We have previously shown that tumor stage and the diffuse as opposed to intestinal subtype are associated with poor survival (17) . After adjusting for potential effects of confounding variables, the Cox multivariate model of survival revealed that tumor stage, diffuse subtype, and moderate to strong TGR5 staining were independently associated with a significant decrease in patients' survival ( Table 3) .
Role of TGR5 in cell proliferation. To examine the role of TGR5 in cell proliferation, we used the gastric adenocarcinoma cell line AGS, which was most likely derived from an intestinal-type gastric adenocarcinoma (2, 9) . We have previously shown that low doses (e.g., 10
Ϫ11 M) of the bile acid TDCA increases cell proliferation in Barrett's esophagus cells (6) . Therefore, we used 10 Ϫ11 M TDCA in this study. TDCA treatment significantly increased thymidine incorporation in AGS cells. Knockdown of TGR5 with TGR5 siRNA significantly decreased thymidine incorporation at the basal condition as well as in response to TDCA treatment (Fig. 4A ). TGR5 siRNA has been shown by us to effectively knock down TGR5 expression (6) . To further confirm this result, we transfected AGS cells with a TGR5 expression plasmid. Figure 4 , B and C, shows that transfection with TGR5 plasmid significantly increased the TGR5 protein level in AGS cells. In addition, overexpression of TGR5 significantly enhanced the TDCAinduced increase in thymidine incorporation (Fig. 4D) . These data suggest that the TGR5 receptor mediates the bile acidinduced increase in cell proliferation. TGR5 receptor is coupled with G q and G i-3 proteins. Because TGR5 is a G protein-coupled receptor, we examined which G proteins are coupled with TGR5 receptors in AGS cells. Figure 5 , A and B, shows that the TGR5 receptor is coupled with G q and G␣ i-3 proteins in AGS cells. We have previously shown that G q and G␣ i-3 siRNAs effectively knock down G q and G a i-3 proteins (6). Knockdown of G q and G␣ i-3 significantly decreased the TDCA-induced increase in thymidine incorporation (Fig. 5C ), suggesting that G q and G␣ i-3 proteins may mediate the TDCA-induced increase in cell proliferation.
DISCUSSION
Gastric cancer remains one of the most common cancers in the world (14) . The mechanisms of gastric carcinogenesis are not fully understood. Several environmental factors, such as H. pylori infection, excessive intake of salt, and low intake of vegetables and fruit, have been implicated (20, 22) . Animal studies have shown that eradication of H. pylori infection, especially early on, is effective in preventing H. pylori-related gastric carcinogenesis (4), supporting the role of H. pylori in the development of gastric adenocarcinoma. However, in a meta-analysis of the published clinical trials, H. pylori eradication only prevented gastric cancer by ϳ35% (5). Duodenal reflux through the pylorus has been reported to induce gastric adenocarcinoma in rats, suggesting that duodenal juice, including bile acids, may be a risk factor for development of gastric adenocarcinoma (15) .
Recently, the G protein-coupled receptor TGR5 has been identified to mediate bile acids' effects as a cell-surface receptor (12) . The TGR5 receptor is abundantly expressed in human monocytes and macrophages and participates in the regulation of cell metabolism (13, 21) . Primary bile acids (cholic acid, taurocholic acid, and glycocholic acid) and secondary bile acids (deoxycholic acid, TDCA, glycodeoxycholic acid, and taurolithocholic acid) have been shown to bind to TGR5 receptors (12) . Primary bile acids are much weaker at inducing cAMP production via activation of TGR5 than secondary bile acids. Deoxycholic acid, TDCA, and glycodeoxycholic acid have similar strengths at inducing cAMP production (12) . We have previously shown that TGR5 receptors are present in esophageal adenocarcinoma cells and that TGR5 expression levels were significantly greater in esophageal adenocarcinoma tissues than normal esophageal mucosa or Barrett's mucosa, suggesting that TGR5 may play an important role in the development of esophageal adenocarcinoma (6) . Until now, the expression of the TGR5 receptor in the stomach has not been described. A and B: cell extracts were immunoprecipitated with an antibody against TGR5, followed by Western blot analysis using the indicated antibodies. A typical example of Western blot analysis of three experiments shows that Gq␣ and G␣i-3 protein were immunoprecipitated with TGR5 antibody from AGS cell lysate, indicating that TGR5 receptor may be coupled with Gq␣ and G␣i-3 protein in AGS cells. C: TDCAinduced increase in thymidine incorporation was significantly decreased by knockdown of Gq␣ or G␣i-3 protein in AGS cells, suggesting that Gq␣ and G␣i-3 proteins may mediate the bile acidinduced increase in cell proliferation; n ϭ 3. ANOVA: *P Ͻ 0.01 compared with TDCA plus control siRNA; **P Ͻ 0.001 compared with the control siRNA alone group.
In this study, we found that TGR5 was expressed weakly in normal gastric epithelial cells and moderately to strongly in intestinal metaplastic cells and gastric adenocarcinoma cells. The pattern of TGR5 expression was membranous and cytoplasmic (Fig. 2) . Cytoplasmic TGR5 staining may be due to the internalization of membrane-bound receptors, which has been shown in CHO cells (12) . In some patients with intestinal metaplasia, TGR5 is overexpressed when compared with normal gastric epithelium. We also found that the expression levels of TGR5 were not significantly different between intestinal metaplasia and gastric adenocarcinoma (intestinal type), indicating that TGR5 receptors may not be further upregulated in adenocarcinoma cells. As shown in Table 2 , 45 intestinaltype and 21 diffuse-type cases showed moderate to strong staining, whereas 41 intestinal-type and 64 diffuse-type cases showed negative to weak staining. Even though there are more diffuse-type cases in the negative to weak staining group, moderate to strong TGR5 staining was associated with decreased patient survival in all gastric adenocarcinomas, suggesting that TGR5 may be a negative prognostic marker.
We have previously shown that the TGR5 receptor is involved in bile acid-induced increases in cell proliferation in Barrett's esophagus cells (6) . We also find that the TGR5 receptor mediates the bile acid-induced increase in cell proliferation in AGS cells, since TDCA treatment significantly increased thymidine incorporation in AGS cells. This increase was significantly decreased by knockdown of TGR5 with TGR5 siRNA, whereas overexpression of TGR5 significantly enhanced the TDCA-induced increase in thymidine incorporation.
TGR5 is a G protein-coupled receptor. However, which G proteins are coupled to TGR5 receptor in gastric adenocarcinoma cells is not known. In CHO cells, the TGR5 receptor may be coupled to G s ␣ protein (12) . We found that TGR5 receptor was coupled with G q ␣ and G␣ i-3 proteins in AGS cells and that G q ␣ and G a i-3 proteins may mediate the TDCA-induced increase in cell proliferation because knockdown of G q ␣ and G␣ i-3 significantly decreased the TDCA-induced increase in thymidine incorporation. This result is slightly different from our finding in esophageal adenocarcinoma cells where G q ␣ proteins, but not G␣ i-3 , mediate the TDCA-induced increase in NOX5-S expression and H 2 O 2 production.
In conclusion, TGR5 is moderately to strongly expressed in most gastric intestinal-type adenocarcinomas. Moderate to strong TGR5 staining is associated with decreased patient survival in all gastric adenocarcinomas. Bile acids increase cell proliferation via activation of TGR5 receptors and G q ␣ and G␣ i-3 proteins. 
